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In this issue of Neuron, Stroh et al. (2013) investigate mechanisms of population calcium wave initiation and
propagation across cortex and thalamus. They use a novel fiber optic-based method to simultaneously
image and excite specific populations of neurons in multiple regions.The slow rhythmic activity that dominates
the brain during sleep and anesthesia has
been a fascinating topic of study since the
first electroencephalographic studies of
Hans Berger (1929). The large amplitude
and low frequency of anesthesia-induced
activity can be recorded with a high
signal-to-noise ratio and has often been
used to study how different populations
of neurons throughout the brain interact
to generate patterns of activity.
A new oscillatory pattern was discov-
ered by Steriade and coworkers in 1993
(Steriade et al., 1993), termed the slow
oscillation given its low frequency of
0.1–0.9 Hz. The slow oscillation is charac-
terized intracellularly in cortical and
thalamic cells by regularly recurring
periods of depolarization and spike firing
(up-states) and periods of hyperpolariza-
tion and quiescence with very little
synaptic activity (down-states). The de-
polarizing and hyperpolarizing cycles
are correlated between cortical cells
across hemispheres as well as between
thalamic and cortical neurons as shown
by simultaneous dual intracellular record-
ings in vivo (Contreras and Steriade, 1995;
Steriade et al., 1993).
During natural sleep, the slow oscilla-
tion groups the other two cardinal sleep
rhythms of spindles and delta waves in
a slow beating pattern (Steriade et al.,
1993) observed in all mammals, including
humans. The rhythm is generated intra-
cortically as it survives removal of the
thalamus in vivo (Steriade et al., 1993)
and can be generated in cortical slices
maintained in medium that mimics ionic
concentrations observed in situ (San-
chez-Vives and McCormick, 2000).
In this issue of Neuron, Stroh et al.
(2013) combined imaging of population
calcium (Ca2+) fluorescent signals from
cortex and thalamus with optogeneticand visual stimulation in mouse in vivo to
study the mechanism and spatiotemporal
properties of the slow oscillation.
The authors devised a method to
record and stimulate brain activity by
using an optical fiber that allows the
excitation and recording of a fluorescent
Ca2+ indicator as well as stimulation
of channelrhodopsin (ChR2)-expressing
neurons. Furthermore, the optical fiber
allows excitation and recording of calcium
signals in structures deep in the brain,
such as the thalamus.
To record suprathreshold activity from
populations of neurons, Stroh et al.
(2013) used bolus loading of the calcium
fluorescent indicator OregonGreen Bapta
(OGB-1) in adult mice in vivo. They in-
jected small (1–2 mL) amounts of OGB-1
to stain a column-like region in cortex
0.5 mm in diameter and to stain small
portions of visual and somatosensory
thalamic nuclei.
In isoflurane-anesthetized mice, the
fluorescent calcium signals showed large
spontaneous population transients in the
primary visual cortex recurring with
a frequency of 8–30 per minute, most
likely reflecting the depolarization and
spike firing that characterize the up-states
of the slow oscillation (Chauvette et al.,
2010; Contreras and Steriade, 1995; San-
chez-Vives and McCormick, 2000; Ster-
iade et al., 1993; Wester and Contreras,
2012).
Visual stimulation with brief light flashes
triggered population calcium transients
that were of the same amplitude and
duration as those occurring spontane-
ously, suggesting that, as recorded with
voltage sensitive dyes in response to
whisker stimulation (Civillico and Contre-
ras, 2012; Ferezou et al., 2007), up-states
are generated within cortical circuits inde-
pendently of their triggering mechanism.Neuron 7Work in vitro (Sanchez-Vives and
McCormick, 2000) and in vivo (Chauvette
et al., 2010) provided evidence that
the slow oscillation originates in cortical
layer 5 (L5). To demonstrate causality
between activation of L5 and the genera-
tion of population activity in cortex, the
authors used transgenic Thy-1-ChR2
mice that express ChR2 in L5 neurons.
They demonstrate that optogenetic stim-
ulation of L5 with brief (50 ms) pulses of
blue light generate population calcium
transients with similar amplitude and
duration as those triggered by visual
stimulation or occurring spontaneously.
The authors then asked how many L5
neurons are necessary to initiate a popu-
lation calcium transient? In order to acti-
vate small populations of L5 primary
visual cortical neurons, they expressed
ChR2 exclusively in a small region of L5
using viral transduction. Using confocal
imaging, they showed that transfection
was indeed limited to the targeted layer
and was confined over an area of about
1 mm in diameter. The authors then
activated a region of about half that
diameter (0.5 mm) with blue light to
stimulate approximately 200 transfected
neurons. Under these conditions, 200 ms
pulses of light triggered all-or-none
calcium transients in more than 70% of
cases. By titrating the number of trans-
fected cells using small amounts of viral
solution, they show that activation of as
few as 60 L5 neurons is sufficient to
initiate a calcium transient. This result
demonstrates the enormous amplifica-
tion power of cortical recurrent networks
in L5.
To test whether supragranular layers
are also capable of generating population
calcium transients, the authors targeted
small viral injections to layer 2/3 (L2/3).
In stark contrast with L5, optogenetic7, March 20, 2013 ª2013 Elsevier Inc. 995
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Previewsstimulation of L2/3 did not generate
calcium waves even at the highest laser
intensity. This result highlights a funda-
mental difference between local circuits
in supra- and infragranular layers
regarding their ability to amplify local
activity and recruit neighboring cortical
territories. These data fully agree with
voltage-sensitive dye recordings in thala-
mocortical slices demonstrating that
the engagement of L5 but not L2/3 is crit-
ical for the generation and propagation
of up-states following thalamic input
(Wester and Contreras, 2012). Whether
these results are due to differences in
inhibitory or recurrent excitatory circuits
is not known.
Interestingly, the latency for the genera-
tion of a calcium transient using optoge-
netic stimulation was dependent on the
duration of the laser pulse and reached
over 200 ms for short pulses. However,
they behaved as all-or-none events
and displayed the same amplitude and
duration even when triggered with light
pulses as short as 3 ms. This once
again demonstrates the capacity of the
cortex, and particularly L5, for self-regen-
erative activity that strongly amplifies
afferent input. Finally, population calcium
transients had a refractory period (1.5 s
after onset) during which a second
transient could not be evoked. This is
similar to the refractory period of
whisker-triggered up-states measured
with voltage sensitive dyes in mouse
barrel cortex (Civillico and Contreras,
2012).
Up-states have been shown to propa-
gate in the neocortex both in vitro (San-
chez-Vives and McCormick, 2000;
Wester and Contreras, 2012) and in vivo
(Civillico and Contreras, 2012; Ferezou
et al., 2007) within the limited spatial
extent observable in the experimental
preparation. Here the authors used
multiple optical fibers and multiple injec-
tions of OGB-1 to measure population
calcium signals from various areas in
cortex and thalamus. They were thus
able to demonstrate that, strikingly, the
calcium transients propagate through
the entire cortex and thalamus.
First, they show that spontaneous tran-
sients had a slight tendency to originate in
frontal areas, consistent with observa-
tions of spontaneous slow oscillations in
humans during natural sleep using EEG,996 Neuron 77, March 20, 2013 ª2013 Elsevas discussed in the paper, and the orderly
progression of gamma oscillation phase
delays from front to back using MEG
(Ribary et al., 1991). Second, they show
that transients triggered in visual cortex
(either optogenetically or visually) traveled
through the entire cerebral cortex, reach-
ing distant frontal regions bilaterally after
80 ms. This is consistent with previous
voltage-sensitive dye imaging data in vivo
of activity propagation from somatosen-
sory to motor cortex (Ferezou et al.,
2007) and further demonstrates the
remarkable ability of cortical circuits to
recruit neighboring areas regardless of
functional boundaries.
Finally, they show that propagating
calcium transients also engaged thalamic
circuits. Surprisingly, this only occurred
after generation and propagation of
the calcium transient throughout the
cortex. Thalamic calcium transients were
measured 200 ms after those in visual
cortex, even when triggered by visual
stimulation, which obligatorily requires
thalamic activation. Amazingly, the same
long delay was observed when the
authors stimulated the thalamus directly
using the Thy-1 mouse line, which
expresses ChR2 in both cortex and thal-
amus. This striking finding highlights the
functional importance of local recurrent
excitatory loops which are abundant in
cortex but absent in thalamus. Thus,
these results illustrate beautifully that
as shown previously for sleep spindles
(Contreras et al., 1996), global thalamic
population activity is largely dependent
on descending corticothalamic inputs.
Such long delays in the activation of
thalamic population activity seem at
odds with the proposal that activity prop-
agation in cortex requires long-range
loops between cortical L5 to thalamus
and back to cortex (Sherman, 2007).
However, the thalamic participation in
corticothalamocortical loops may be
sparse (Crunelli and Hughes, 2010) and
thus have gone undetected by the
methods used in this paper as the authors
point out. Thus, the precise role of the
thalamus for the initiation of spontaneous
calcium transients and for their propaga-
tion in cortex remains to be determined.
The large amplitude, the all-or-none
nature, and the widespread propagation
of population calcium transients highlight
the large amplification power of L5ier Inc.cortical networks and demonstrate a key
mechanism by which sleep and anes-
thesia lead to brain deafferentation and
disconnection from the outside world.
By setting the cortex in a state that favors
recurrent activity, inputs of any amplitude,
duration, or sensory modality trigger
stereotyped, all-or-none activation that
propagates and engages most of the
cortex and thalamus, leaving behind
over a second-long refractory period. In
striking contrast, information processing
in the waking state requires rapid and
parallel processing of incoming inputs,
for which activity segregation along func-
tional and areal boundaries as well as
rapid switching of activation patterns in
neuronal networks is essential. Such
a switch of activity pattern between one
dominated by intracortical recurrent
activity (sleep and anesthesia) to one
dominated by afferent input (waking) is
most certainly due to the action of
neuromodulatory systems of brain stem
and basal forebrain (Hasselmo and
McGaughy, 2004).
Why is such slow oscillatory activity,
observed across cortical and thalamic
populations, necessary during sleep?
One intriguing possibility supported with
mounting evidence is that slow oscilla-
tions are causally linked to memory
consolidation and various forms of plas-
ticity (Aton et al., 2013; Marshall et al.,
2006). Thus, the slow oscillation may
create a state in which neuronal synapses
and circuits activated during waking can
be adjusted for learning without interfer-
ence from input from the outside world.REFERENCES
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Cognitive deficits are a core dysfunction in schizophrenia. In this issue of Neuron, Parnaudeau et al. (2013)
investigated synchronization in thalamocortical pathways in an animal model to address the disconnection
between brain regions as a mechanism for working memory impairments in the disorder.Schizophrenia is a severe psychiatric
disorder with a lifetime risk of about 1%
that frequently leads to enduring disability
for the majority of patients. In addition to
the core clinical symptoms of psychosis
(delusions, hallucinations, and thought
disorder), schizophrenia is associated
with awide range of impairments in cogni-
tion, which include working memory
(WM), executive control, attention, and
dysfunctional sensory processing. Impor-
tantly, these dysfunctions are largely
immune to current antipsychotic treat-
ments and, as a result, constitute a major
determinant for psychosocial functioning
and outcome (Green, 1996). The identifi-
cation of the causes of dysfunctional
cognition is, therefore, a prerequisite for
the developmental of novel and more
effective interventions.
The search for the underlying patho-
physiological processes has thus far
focused on anatomical and functional
abnormalities in circumscribed brain
regions. This approach has yielded a large
body of evidence implicating variousbrain areas in cognitive deficits, but the
precise circuits and mechanisms under-
lying these dysfunctions have remained
elusive. An alternative approach has
been the focus on the role of impaired
communication between regions in the
pathophysiology of schizophrenia, which
most likely involves a disconnection of
functional networks (Friston, 1998).
This hypothesis has received support
through findings from noninvasive studies
using electro- and magneto-encephalog-
raphy (EEG/MEG) that demonstrate
impaired amplitude and synchrony of
neural oscillations at low- and high-
frequency ranges in patients with schizo-
phrenia (Uhlhaas and Singer, 2010). This
is of particular relevance because a large
body of evidence suggests that the func-
tional networks underlying perception,
attention, and executive processes rely
on dynamic coordination through the
phase locking of synchronized oscilla-
tions (Varela et al., 2001). Accordingly,
impairments in this mechanism could
lead to a transient failure in the establish-ment of functional interactions between
brain regions, thereby affecting the asso-
ciated cognitive processes.
In this issue of Neuron, Parnaudeau
et al. (2013) investigated the hypothesis
that thalamocortical synchronization, in
this case, between frontal brain regions
and the mediodorsal (MD) thalamus,
might play an important role in WM and
that disturbed synchrony in this circuit
might be responsible for WM impairments
in schizophrenia. Thalamic functions have
recently received renewed interest in
systems neuroscience because of their
crucial role in gating communication
between cortical areas through the
synchronization of neuronal responses
(Saalmann et al., 2012). Because anatom-
ical and functional abnormalities have
been repeatedly demonstrated in the
thalamus of patients with schizophrenia
(Ronenwett and Csernansky, 2010),
abnormal synchronization in thalamo-
cortical pathways could represent an
intriguing pathophysiological mechanism
for cognitive impairments.7, March 20, 2013 ª2013 Elsevier Inc. 997
